. System overview. A handheld micromanipulator (Micron) was combined with a force-sensing micro-forceps to assist membrane peeling previously [23] . A novel feature, vibrating the tool tip along the peeling direction, is added to the system to facilitate membrane delamination (shown in orange). 
I. INTRODUCTION
In retinal microsurgery, surgeons manipulate extremely delicate tissues by applying very small forces that are routinely below the human tactile sensation threshold. A prototypical vitreoretinal task is membrane peeling, where the surgeon delaminates a very thin fibrous membrane (micron scale) adherent to the retinal surface, using either a pick or micro-forceps. Successful execution of this task requires extensive experience, and is extremely difficult to master due to suboptimal visualization, inconsistent tissue properties, surgeon's physiological hand tremor, fatigue and involuntary patient motion. During the critical steps in the operation, the instruments need to be moved very slowly, within a range of 0.1-0.5 mm/s, in an extremely delicate environment, to minimize deleterious force transfer to tissue. Furthermore, the required forces for delamination routinely lie below the surgeon's sensory threshold. These forces were shown to be below 7.5 mN in porcine cadaver eyes and only 19% of events with this force magnitude could be felt by *Research supported in part by the National Institutes of Health under R01 EB007969, and R01 EB000526, and in part by Johns Hopkins University internal funds as Research to Prevent Blindness, The J. Willard and Alice S. Marriott Foundation, The Gale Trust and Mr. Bill Wilbur.
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P. Gehlbach is with the Wilmer Eye Institute at The Johns Hopkins School of Medicine, Baltimore, MD 21287 USA (e-mail: pgelbach@jhmi.edu) surgeons [1] . Application of forces beyond this level can damage retinal veins [2] and give rise to serious complications such as iatrogenic retinal injury and breaks [3] , vitreous hemorrhage, or subretinal hemorrhage [4] leading to potentially irreversible damage and loss of vision.
Membrane peeling is essentially a two-phase procedure [5] . In the first phase, the surgeon approaches the membrane, precisely grasps and then lifts it to create a surgical edge and plane. Tool visualization, positioning accuracy and tremor suppression are important during this step. For assisting this phase, several teleoperated [6] [7] [8] [9] , cooperatively controlled [10] , and handheld [11] [12] [13] [14] [15] robots were developed. Among the handheld devices is Micron, an actively stabilized micromanipulator developed by Riviere et al. at Carnegie Mellon University [11] . It uses optical tracking and piezoelectric actuators for deflecting the tool tip. Micron was shown to suppress tremor effectively, but it still has unexplored potential utility especially for the second phase of this clinical procedure, which is the actual delamination of the grasped pathological membrane. During this phase, the main concern is limiting the forces exerted on the retina more so than simply canceling tremor. This requires the development of (1) smart instruments that accurately measure the exerted forces, and (2) methods to reduce and maintain these forces at a safe level.
In order to measure the exerted forces inside of the eye, a family of force-sensing instruments was developed at Johns Hopkins University using fiber Bragg grating (FBG) strain sensors. These tools are able to capture the forces at the tool Figure 2 . (a) The motorized force-sensing micro-forceps module [24] . The tool provides firm grasping functionality, can accommodate various jaw profiles for handling different types of tissues (profile-1 for thick epiretinal membranes, and profile-2 for internal limiting membranes), and senses the transverse forces exerted at its tip via the embdedded FBGs. (b) The microforceps module is compatible with the handheld micromanipulator, Micron. tip without any adverse effect from tool-to-sclera interaction. First, a single degree of freedom (DOF) force-sensing tool [16] and then a 2-DOF pick-like instrument [17] [18] [19] were built. Intuitively, compared with a pick tool, the forceps provide more controlled manipulation of the tissue by firmly grasping it. This enables easier removal of the membrane from the eye in a single step [20] . With this motivation, tool development continued with a manual pair of 2-DOF forcesensing forceps [21] , followed by a 2-DOF forceps that can be used with the Steady-Hand Robot [23] . We recently presented a 2-DOF force-sensing micro-forceps for Micron. This design was shown to be sufficiently compact and lightweight for Micron to operate properly, and the benefits of the resulting device was demonstrated on artificial bandage phantoms [23, 24] .
In simulated ophthalmic procedures, auditory force feedback was shown to help in maintaining the exerted forces below potentially dangerous levels [19, 25] . In addition, there are motivating applications in other fields that may help in reducing forces, such as inserting a biopsy needle, where reciprocation of the needle was shown to facilitate the advance of the needle through tissue and penetration of the site of interest [26] . Recently, we have shown that inducing micro-vibrations on the tool tip can facilitate delamination of membranes as well [24] . However, deciding on the optimal frequency and amplitude of these vibrations during the surgical operation, and updating this information based on exerted forces in real time is not trivial.
This study builds on our previous work [24] , explores the effect of the main micro-vibration parameters on membrane peeling forces, and aims to establish an adaptive control algorithm ( Fig. 1) for regulating micro-vibrations during the procedure. In the following sections, we will first present the force-sensing micro-forceps system. This will be followed by the experimental investigation of micro-vibrations during membrane peeling on two types of phantoms: artificial bandages and raw chicken eggs.
II. SYSTEM COMPONENTS

A. The Micromanipulator
In order to suppress involuntary hand motion, and induce assistive micro-vibrations during membrane peeling, our system uses a handheld micromanipulator: Micron [11] . This device is normally designed to cancel the physiological hand tremor of the surgeon. The position of its handle is determined by its custom microscale optical tracking system, namely the ASAP (Apparatus to Sense Accuracy of Position). After sensing the tool motion, it is filtered into its voluntary and involuntary (tremulous) components [11] . Then activating its 3 piezoelectric actuators, Micron moves its tip to counteract the involuntary motion component within a workspace of approximately a 1x1x0.5 mm volume centered on the handle position. The control software for this operation mode was already implemented in LabVIEW. For our system, we extended the existing control loop by adding controlled pulses onto the filtered (non-tremulous) tool tip trajectory with variable frequency and amplitude ( Fig. 1) . In order to identify the individual effect of frequency and amplitude on delamination forces, these variables are currently set manually. But the ultimate aim is to develop an adaptive control law-based upon the delamination response to each parameter-that will tune the frequency and amplitude automatically according to measured tool-to-tissue forces.
B. The Micro-Forceps Module
For accurate manipulation of the tissue, a firm grasping mechanism is necessary. In our previous work, we developed a motorized force-sensing micro-forceps module that fits onto Micron without interfering with its operation [24] . The unit is a "drop-in" module carrying all the necessary actuators and sensors (Fig. 2) . The actuation is provided by a linear micro motor (Squiggle-RV-1.8 by New Scale Technologies Inc., Victor, NY), which slides the tubular tool shaft up and down along the tool axis to respectively open and close the forceps jaws. The forceps jaws are fixed to the module body via a set screw, and can easily be replaced. This enables the use of various jaw profiles for handling various surgical tasks, such as the thicker profile-1 in Fig. 2a for peeling dense epiretinal membranes and the slimmer profile-2 for delamination of finer internal limiting membranes. In addition, since the forceps jaws can wear and deform with use, easy jaw replacement enables use in prolonged or repeated tests without deterioration of the grasping quality.
The micro-forceps module is capable of sensing the transverse forces exerted at its tip via the 3 FBG strain sensors attached evenly around the tool shaft. The calibration setup and protocol of the force sensor follow [17] . The wavelength shift in each FBG sensor normally depends linearly on both the local strain and the temperature variation. During calibration, the effect of temperature change was removed by subtracting the mean wavelength shift from each sensor measurement. Resulting temperature-compensated sensor readings exhibit a linear reproducible behavior during both the x-and y-axis calibration procedures, as shown in Fig. 3a . The slopes of the response curves form the calibration matrix (K). The Moore-Penrose pseudo-inverse of this matrix (K + ) is used in the linear relationship (1) to compute the transverse tool tip forces (F x and F y ) from FBG wavelength shifts (ΔS) during the operation.
, where 
In order to monitor the FBGs, we use an optical sensing interrogator (sm130-700 from Micron Optics Inc., Atlanta, GA). The wavelength resolution of the interrogator is 1 pm. Based upon the obtained calibration matrix, this corresponds to a transverse force resolution of about 0.21 mN. To verify sensor operation, the tool tip was loaded and unloaded repeatedly in different angles (0°, 45° and 90°), and the computed forces were compared with the actual tip loading. Results showed consistency with the actual values for both F x and F y , and a close fit to the ideal straight line (slope=1) passing through the origin (Fig. 3b) . The root mean square error was 0.14 mN and 0.17 mN respectively for F x and F y . The histogram of the residual errors in Fig. 3c show that the probability of errors beyond 0.5 mN is very low.
Accurate measurement of membrane peeling forces in the presence of micro-vibrations requires not only sub-mN forcesensing resolution but also a very fast responding force sensor. The transient response of the force-sensing tip was monitored using the setup shown in Fig. 4a . First, the microforceps module was mounted onto Micron, and the forceps tip was held between two elastic rubber bands. Then, Micron was given a step input to move the tool tip towards one side laterally while the resulting reaction force was recorded. The tests were repeated for 3 levels of step amplitude (50, 150 and 250 µm). In all case, the measured force profile matched a first order system response with 0.005 s time constant as shown in Fig. 4b , proving a fast enough response to track rapid force variations even in the presence of high frequency micro-vibrations (in our case up to 50 Hz).
III. EXPERIMENTS
A. Setup
There are various factors affecting the forces in membrane peeling. Some of these pertain to tissue properties, such as tissue width and thickness, while some are related to the motion of the peeling instrument, such as the peeling speed. In order to isolate the influence of micro-vibrations, all other factors affecting the peeling force need to be eliminated in a very reproducible experimental setup. Using a handheld micromanipulator, it is hard to keep the peeling speed constant. To avoid peeling speed alterations during and between trials, we fixed the Micron handle to a clamp, and used a linear stage to drive phantoms relative to Micron (Fig.  5) . The micro-forceps module was attached onto Micron for grasping the phantom before peeling. This setup is only for identifying the effect of microvibrations in membrane delamination. The practical use of our system will work based on this identified behavior, but will be handheld (not with a linear stage) as shown in Figs 1 and 2.
To simulate epiretinal membrane, inner shell membrane (ISM) of raw chicken eggs can normally be used. However, in this phantom, the membrane routinely comes off the egg shell creating a non-uniform triangular piece of membrane if a linear peeling trajectory is followed (Fig. 5b) . The varying width of the peeled tissue significantly affects the forces, and the dimensions of this wedge shape varies between the phantoms. To peel consistent and constant width membrane strips, a helical trajectory needs to be followed as in [29] . However, such dexterous motion is not possible using a linear stage. Furthermore, while peeling the ISM, the measured forces stem from two main sources: (1) the tearing force between the peeled section and the surrounding membrane; (2) the delaminating force due to the adhesion between the peeled section and the underlying shell. Of these components-for purposes of epiretinal and/or internal limiting membrane peeling-we believe the delaminating force is more critical, and needs to be reduced/limited as it is the force that is directly applied onto the delicate retinal surface. In order (1) to eliminate the tearing forces and focus purely on the delaminating forces, and (2) to fix the width of the peeled layers for consistency between trials, we used two different phantoms: sliced bandages and sliced shell membranes of raw chicken eggs.
The bandage phantom was prepared by slicing sticky tabs from 19 mm Clear Bandages (Rite Aid Corp.) into 2 mm wide strips (Fig. 5d) . Repeated peeling tests using a single bandage strip on the setup shown in Fig. 5a revealed that the adhesion between the bandage strip and its backing decays with each peel initially (Fig. 6) . However, after approximately the 10th peel, the bandage sticks back on consistently, requiring similar amount of delamination force for a prolonged time. This enables the use of each strip numerous times by brushing it back in place with its consistent level of adhesion after each peel, and provides a very repeatable platform for conducting multiple tests.
The membrane inside the raw chicken egg shell was sliced similarly using a razor (Fig. 5c ). Both the inner and the adherent outer shell membranes are cut together. Thus, while peeling the cut strips, both membranes need to be delaminated off the egg shell surface, which requires a larger force as compared to the removal of ISM alone. In contrast to the bandage phantom, each membrane strip can be used only once, limiting the total number of tests on this phantom. Yet, assuming that the membrane structure does not vary significantly between the eggs, this phantom provides a consistent platform for studying the effect of microvibrations on peeling biological tissue.
B. Procedure
Peeling tests on the bandage phantom were done in 2 sets, each set having a different speed setting (0.15 mm/s and 0.3 mm/s). In each set, a total of 10 operational modes were examined. In the first mode, delaminating forces during regular peeling were monitored. The remaining modes explored the effect of micro-vibrations at 3 frequencies (10, 30 and 50 Hz) and 3 amplitudes (50, 100 and 150 µm). 15 trials per mode were completed using a single bandage strip for each speed setting. Each bandage was peeled and brushed back 10 times before starting the trials, so that the adhesion between the bandage and its backing remained consistent throughout the experiments (Fig. 6 ). For the egg trials, the experimental conditions were limited to 1 speed setting (0.15 mm/s), 2 frequencies (30 and 50 Hz) and 2 amplitudes (100 and 150 µm). Ten shell membrane strips were peeled for each setting, and each strip was used only once.
The experiments were conducted by alternating the order of experimental modes. Each strip was peeled continuously for a 60 second period. The measured tool tip force was acquired at 1 kHz. The average and maximum peeling force (F average and F peak ) for each mode were analyzed using oneway analysis of variance (ANOVA) followed by a t-test assuming unequal variance. Statistical significance was defined as p<0.05.
IV. RESULTS AND DISCUSSION
A. Frequency of Micro-Vibrations
The variation of delaminating forces with respect to micro-vibration frequency is shown in Table I and Fig. 7a 
B. Amplitude of Micro-Vibrations
The effect of vibration amplitude on F average is shown in Fig. 7b . On bandages, introducing 50 and 100 µm vibrations did not change F average significantly at 10 Hz (p=0.13). However, when keeping the frequency at 10 Hz, and increasing the amplitude to 150 µm, the force for both speed settings was lowered (p<0.05). At 30 Hz and 50 Hz, a common trend was observed in both bandages and eggs: F average monotonically decreased with larger amplitude. This decay was more significant in shell membrane and faster (0.30 mm/s) bandage peeling trials. Despite the inverse relation between the vibration amplitude and F average , the cost of using larger vibrations is increased force fluctuation, which may in fact result in larger F peak (Table I) . This trend can clearly be seen in slower (0.15 mm/s) bandage peeling trials (Fig. 8) . At 10 Hz trials, no significant change in F peak can be observed since the reduction in F average was greater than the amount of force fluctuation even for 150 µm oscillations. However, at 30 and 50 Hz, as the vibration amplitude is increased, the drop in F average fails to compensate for the resulting force fluctuation, producing a larger F peak . This implies that the amplitude of micro-vibrations cannot simply be maximized to reduce F average , but rather requires careful tuning to produce a smaller F average while keeping F peak below dangerous levels.
V. CONCLUSIONS
In this paper, we explored the influence of the microvibration parameters on average and maximum membrane peeling force using two models; one a dry phantom and the other a biological model. We combined a force-sensing micro-forceps tool with a micromanipulator, Micron, to provide firm tissue grasping and vibratory tool motion at 3 levels of frequency (10, 30 and 50 Hz) and amplitude (50, 100 and 150 µm). Our observations in this study are focused on tool-to-tissue interactions, which are not specific to the used system (Micron), and remain still valid with the other available robotic systems, such as the Steady-Hand Robot. Upon introducing micro-vibrations, the average peeling forces were lowered for both the bandages and the egg shell membranes, reaching a minimum mostly at 30 Hz for the bandages and at 50 Hz for the egg shell membranes. The force-frequency trend varied depending on the phantom type, peeling speed and the vibration amplitude. Increasing the vibration amplitude within the explored range (50-150 µm) resulted in a consistent decay in the average peeling force at higher frequencies (30 and 50 Hz). Nevertheless, because larger vibrations result in higher force fluctuations, there remains a potential risk that the peak force value may exceed the safety limits (even when the average force is lower) if the vibration amplitude is not carefully tuned.
Our results describe the interaction between the main parameters that influence membrane peeling forces: membrane properties, peeling speed, microvibration amplitude and frequency. The viscoelastic mechanisms behind these findings have yet to be fully explored. Based upon the identified behavior, our current efforts focus on implementing an adaptive control scheme for optimal selection and real-time update of the micro-vibration parameters to minimize delamination forces. Before this method can be proposed as a clinically feasible assistance option, the effect of micro-vibrations on underlying retinal tissues needs to be critically examined. Upon system integration, our future studies will inspect the effects on live tissues, and feasibility in animal models.
